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The dynamical axion field is a new state of quantum matter where the magnetoelectric response
couples strongly to its low-energy magnetic fluctuations. It is fundamentally different from an axion
insulator with a static quantized magnetoelectric response. The dynamical axion field exhibits
many exotic phenomena such as axionic polariton and axion instability. However, these effects
have not been experimentally confirmed due to the lack of proper topological magnetic materials.
Here by combining analytic models and first-principles calculations, we predict a series of van der
Waal layered Mn2Bi2Te5-related topological antiferromagnetic materials could host the long-sought
dynamical axion field with a topological origin. We also show a large dynamical axion field can
be achieved in antiferromagnetic insulating states close to the topological phase transition. We
further propose the optical and transport experiments to detect such a dynamical axion field. Our
results could directly aid and facilitate the search for topological-origin large dynamical axion field
in realistic materials.
PACS numbers: 73.20.-r, 75.70.-i, 14.80.Va
Introduction. Topological phenomena in physical sys-
tems are determined by some topological structure and
are thus usually universal and robust against pertur-
bations [1]. The interplay between band topology and
magnetic order brings the opportunity to realize a large
family of exotic topological phenomena [2–31]. The
electromagnetic response of a three-dimensional insu-
lator is described by the topological θ term Sθ =
(θ/2pi)(e2/h)
∫
d3xdtE ·B [3], together with the ordinary
Maxwell action. Here E and B are the conventional elec-
tromagnetic fields inside the insulator, e is the charge of
an electron, h is Planck’s constant, and θ is the dimen-
sionless pseudoscalar parameter describing the insulator,
which refers to axion field in particle physics and could
explain the missing dark matter [32, 33]. Under periodic
boundary conditions, all physical quantities depends on
θ only module 2pi. While Sθ generically breaks time-
reversal symmetry T and parity P, both symmetries are
conserved at θ = 0 and θ = pi. Axion insulators and topo-
logical insulators (TIs) have θ = pi which is protected by
P and T , respectively. TI can be connected continuously
to trivial insulator defined by θ = 0, only by T -breaking
perturbations. Sθ with the static θ = pi leads to image
monopole [6] and quantized topological magnetoelectric
effect (TME) [3, 12–14, 34–38].
In a uniform TI material, the parameter θ is time
and position independent, and Sθ is only a surface term.
When the antiferromagnetic (AFM) long-range order is
developed, θ becomes a bulk dynamical field from mag-
netic fluctuations and taking continuous values from 0 to
2pi, and Sθ becomes a bulk term. Such magnetic materi-
als with dynamical axion fields (DAFs) leads to many ex-
otic physical effects such as axionic polariton [8], axion in-
stability induced nonlinear electromagnetic effect [39, 40]
and so on [41–45]. The realization of a DAF require a
proper coupling between electrons and magnetic fluctua-
tions. The conventional magnetoelectric material Cr2O3
has diagonal but anisotropic magnetoelectric response,
while the pseudosclar part may exhibit DAF [46, 47].
However, the axion field, if exists in Cr2O3, is expected
to be quite weak as discussed below. In this work, we
combine analytic models and first-principles calculations,
to predict Mn2Bi2Te5 family materials as potential can-
didates hosting a large DAF. One direct consequence of
DAF is chiral magnetic effect (CME), where an alternat-
ing electric current is generated by static magnetic fields
from DAF induced by AFM resonance, which is absent
in an axion insulator.
Axion electrodynamics. As θ is odd under T and P
operation, only T - and P-breaking perturbations can in-
duce a change of θ. So the fluctuations of AFM order with
T ,P-breaking can induce δθ(r, t) [8]. A large δθ(r, t) is
expected when the magnetic fluctuation is strong. How-
ever, this is not sufficient. Here we start with a simple
Dirac model describing an insulator and show the relation
between θ(r, t) and AFM order, to see how a large DAF
can be achieved, which is generic for any system support-
ing axionic excitation. The generic effective Hamiltonian
is [8]
HDirac = 0(k) +
5∑
a=1
da(k)Γ
a, (1)
where d1,2,3,4,5(k) = (Akx, Aky, Akz,m4(k),m5), and
m4(k) = m+Bk
2. For simplicity, we neglect the particle-
hole asymmetry 0(k) and set the velocity A and curva-
ture B along three axes to be isotropic, which does not
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FIG. 1. θ0 and 1/g for the massive Dirac model. (a) θ0 vs
m. (b) θ0 vs m5. θ0 = ±pi when m5 → 0± and m < 0, and
θ0 = 0 when m5 = 0 and m > 0. (c) 1/g vs m. (d) 1/g vs
m5. The other parameters are A = 1.0, B = 0.5, and the
arbitrary units are chosen for 1/g, m and m5.
affect the physics we discuss here. Γa are Dirac matri-
ces satisfying the Clifford algebra {Γa,Γb} = 2δab and
Γ5 = Γ1Γ2Γ3Γ4. Also T ΓaT −1 = −Γa and PΓaP−1 =
−Γa for a = 1, 2, 3, 5, and T Γ4T −1 = PΓ4P−1 = Γ4.
m4 is the T -invariant mass, and m5 is the T ,P-breaking
mass proportional to AFM order. When m5 = 0, the
model describes a TI (or trivial insulator) if m/B < 0
(or m/B > 0). m5 leads to a correction to θ to the
linear order, the value of θ can be calculated from the
momentum-space Chern-Simons form [3, 8, 48]. Namely,
θ(r, t) = θ0 + δθ(r, t), where θ0 and δθ(r, t) is the static
and dynamical part of the axion field, respectively, and
δθ(r, t) = δm5(r, t)/g, (2)
where δm5(r, t) is proportional to the AFM fluctuations,
and 1/g = ∂θ/∂m5. Therefore, not only AFM fluctua-
tions but also the nonmagnetic mass m4 (through 1/g)
could affect δθ. There are other leading order T ,P-
breaking terms
∑3
i=1miΓ
i which only give rise to higher-
order contributions to θ, and thus are neglected here [49].
Typical values of θ0 as a function of m and m5 are cal-
culated in Fig. 1(a) and 1(b), respectively. As expected,
θ0 deviates from ±pi (m/B < 0) or 0 (m/B > 0) when
m5 is nonzero. θ is an odd function of m5, this implies g
is an even function of m5 as shown in Fig. 1(d), 1/|g| is
largest when m5 = 0. From Fig. 1(c), for m5 very close
to zero, 1/g have a dip (peak) when m→ 0− (m→ 0+),
and 1/|g| at the dip is larger than at the peak. Both
the dip and peak in 1/g are further suppressed when m5
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FIG. 2. Crystal structure and magnetic configurations. (a)
The crystal structure of X2A2B5 materials. Each layer has a
triangle lattice. The green arrows denote the spin moments of
X atom. (b) Sketch of different magnetic configurations. i/iii
present 100AFM/001AFM spin moments, and ii/iv present
100FM/001FM spin moments, respectively. (c) The magnetic
anisotropy, where the total energy of 001AFM state is set to
be zero as reference.
increases, and finally are smeared out when m5 is large.
In the latter case, 1/|g| increases when m becomes in-
verted. Here we point out, the asymmetry dependence
of 1/|g| on positive and negative m is from the nonzero
B. In the limit of m5 = B = 0, 1/g ∝ 1/m. Thus δθ is
very sensitive to a small change in m5 when m is close to
zero. This suggests that, to get a large δθ(r, t), both large
δm5 and 1/|g| are required, where the latter is achieved
when m5 → 0 and m approaches zero (preferably from
the topological nontrivial side). This further indicates a
most likely promising strategy for a large DAF: as long
as θ is well defined, a T ,P-broken insulator which is close
to topological phase transition with a small inverted m
and is also close to paramagnetic to AFM transition with
m5 ≈ 0, where the magnetic fluctuation is expected to
be strong. In general, in a specific AFM material, the
magnetic fluctuation and AFM order are determined by
the intrinsic screened Coulomb interaction between elec-
trons, and thus the amplitude of δm5 and m5 are fixed.
Therefore, to search for large DAF in practice, intrin-
sic AFM TIs (having a weak AFM order and is) near the
topological phase transition are preferred (tunable m4 by
spin-orbit coupling). This also explain that the DAF is
too small to be observed in a conventional AFM insula-
tor e.g. Cr2O3, which is far away from topological phase
transition.
Material candidates. The recent discovery of intrin-
sic magnetic TIs in MnBi2Te4 family materials [21, 50–
54] rekindled our hope for searching DAF in intrinsic
AFM TIs. The symmetry guiding principle is to find
T ,P-breaking but PT -conserving TIs. The AFM or-
der in MnBi2Te4 has no contribution to δθ(r, t) due to
conserved P. However, a class of ternary chalcogenides
materials X2A2B5, also written as (XB)2(A2B3)1, with
X=Mn/Eu, A=Sb/Bi, B=Se/Te, satisfy the symme-
try requirement for DAF. In the following, we take
3Mn2Bi2Te5 as an example, which has been successfully
synthesized in experiments recently [55]. It has a layered
rhombohedral crystal structure, shown in Fig. 2(a), with
the space group P3m1 (No. 164) if the spin moments
of Mn are ignored. It consists of nine-atom layers (e.g.,
Te1-Bi1-Te2-Mn1-Te3-Mn2-Te4-Bi2-Te5) arranged along
the trigonal z-axis with the ABC-type stacking, known
as a nonuple layer (NL). The coupling between different
NLs is the van der Waals type. Once the AFM order is
considered, T ,P are broken.
First-principles calculations are employed to investi-
gate the electronic structures, and the detailed meth-
ods can be found in Supplemental Material [49]. We
find that each Mn atom tends to have half-filled d or-
bitals with a magnetic moment S = 5µB , and the orbital
moment is quenched L = 0. The total energy calcula-
tions for different collinear magnetic structures are given
in Fig. 2(c). Here the non-collinear magnetic structure
is not considered due to vanishing Dzyaloshinski-Moriya
interaction. In fact, the non-collinear magnetic configu-
ration was previously found to have higher energy [56].
The A-type AFM phase with the out-of-plane easy axis,
denoted as 001AFM [seen in Fig. 2(b)], is the magnetic
ground state for most X2A2B5 family materials, except
Eu2Bi2Te5. The in-plane A-type AFM phase (100AFM)
has a slightly higher total energy than that of 001AFM.
The FM order is not favored. The magnetic anisotropy
of Eu2Bi2Te5 is quite weak because of the local 4f or-
bital, and a small external magnetic field can easily tune
100AFM into 001AFM. The Goodenough-Kanamori rule
is the key to have FM order in each Mn layer. Two near-
est Mn atoms are connected through Te atom with the
bond “Mn-Te-Mn”, whose bonding angle is ∼ 95 degree,
so the superexchange interaction is expected to induce
the in-plane FM order.
The 001AFM state breaks T and P but preserves PT ,
thus DAF is expected to develop. 001AFM Mn2Bi2Te5
is insulating with a full energy gap about 0.1 eV, shown
in Fig. 3(a). Fig. 3(b) shows the density of states (DOS)
without spin-orbit coupling (SOC). The red states are
the projected DOS of Mn d orbitals. We can see that the
occupied 3d5 states and unoccupied 3d0 states are well
separated in energy, indicating a high spin state. The
fat band structure calculated through projecting on Te
and Bi pz orbitals is shown in Fig. 3(c). A band inver-
sion is clearly seen at the Fermi level around Γ point,
which indicates possible nontrivial topological property
of Mn2Bi2Te5 with nonzero spin Chern number [57].
However, different from T -invariant TIs, by gradually
increasing SOC strength λ from zero, the energy gap of
Mn2Bi2Te5 first decreases to a minimum without clos-
ing because of the m5 mass induced by AFM ordering,
and then increases. The band inversion happens at en-
ergy gap minimum, which is around 0.9λ for Mn2Bi2Te5
shown in Fig. 3(d). We further confirm that the topolog-
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FIG. 3. Electronic structure. (a) The bulk band structure of
001AFM Mn2Bi2Te5 with SOC. The Fermi level (dashed line)
is set as zero. (b) DOS without SOC. The black and red lines
present total DOS and the projected DOS for Mn d-orbitals,
respectively. (c) The fat band structures. The blue and red
dots denote the character of Te and Bi pz-orbitals, respec-
tively. (d) The evolution of the band structure with SOC. (e)
The evolution of the energy gap with SOC for different onsite
U in the LDA+U calculations.
ical transition is robust to onsite U , see Fig. 3(e).
Fig. 4(a) shows the evolution of energy gap as a func-
tion of λ for 001AFM X2A2B5 materials. Eu2Bi2Te5 is
topologically nontrivial with the minimum gap occuring
at ∼ 0.82λ. While the gaps of X2Sb2Te5, X2Bi2Se5 and
X2Sb2Se5 monotonously decrease and do not arrive at
a minimum, which indicates that they are topologically
trivial due to reduced SOC compared to X2Bi2Te5. Inter-
estingly, one can effectively tune λ and energy gap by el-
ement substitution (Bi/Sb, Te/Se) as shown in Fig. 4(b),
which further optimizes materials for large DAF. Each
line has a minimum at certain xc indicating a band in-
version for a topological transition.
Low-energy effective model. To characterzie the low-
energy and topological properties of Mn2Bi2Te5, an ef-
fective Hamiltonian can be constructed. We start with
the four low-lying states at Γ, which are |P1+z , ↑ (↓)〉 and
|P2−z , ↑ (↓)〉. Without the SOC effect, the bonding state
|P1+z 〉 of two Bi layers stays above of the anti-bonding
state |P2−z 〉 of two Te layers (Te1 and Te5 in NLs), where
the superscripts “+”, “−” stand for the parity. The
SOC effect pushes down |P1+z , ↑ (↓)〉 state and pushes
up |P2−z , ↑ (↓)〉 state, leading to the band inversion and
parity exchange. The symmetries of the system is three-
fold rotation symmetry C3z and PT (Te3 as the center).
In the basis of (|P1+z , ↑〉, |P2−z , ↑〉, |P1+z , ↓〉, |P2−z , ↓〉, ),
the representation of the symmetry operations is given
by C3z = exp[i(pi/3)σ
z] and PT = iτzσyK (P = τz,
T = iσyK), where K is the complex conjugation oper-
ator, σx,y,z and τx,y,z denote the Pauli matrices in the
spin and orbital space, respectively. By requiring these
symmetries and keeping only the terms up to quadratic
4order in k, we obtain the following generic form of the
effective Hamiltonian
H(k) = 0(k) +m4(k)τz +m5(k)τy +A1kzτxσz
+A2(kz)(kxτxσy − kyτxσx), (3)
where 0(k) = C0 + C1k
2
z + C2(k
2
x + k
2
y), m4(k) =
M0 + M1k
2
z + M2(k
2
x + k
2
y), m5(k) = B0 + B1k
2
z +
B2(k
2
x + k
2
y), and A2(kz) = A2 + A3kz. It is very
similar to the Dirac model in Eq. (1), where m4(k) is
the T ,P-conserving mass term responsible for band in-
version. m5(k) is T ,P-breaking mass term from the
001AFM order. To see the microscopic origin of m5(k),
we change the basis to (|α, ↑〉, |α, ↓〉, |β, ↑〉, |β, ↓〉) with
|α, ↑ (↓)〉 = (1/√2)(|P1+z , ↑ (↓)〉 + |P2−z , ↑ (↓)〉) and
|β, ↑ (↓)〉 = (1/√2)(|P1+z , ↑ (↓)〉 − |P2−z , ↑ (↓)〉). We
have P|α, ↑ (↓)〉 = |β, ↑ (↓)〉. The sketch of |α〉 and
|β〉 wavefunctions in NLs is shown in Fig. 4(d). Phys-
ically, |α, ↑ (↓)〉 and |β, ↑ (↓)〉 stand for states with the
wavefunction majorly localized around Bi1 and Bi2 in the
unit cell. By transforming m5τ
y to the new basis, we see
that it represents a staggered Zeeman field that points in
the +z(−z) direction on |α〉 and |β〉. Since |α〉 and |β〉
majorly overlaps with Mn1 and Mn2, respectively. This
staggered Zeeman field is exactly generated by the AFM
order on Mn atoms, with electron spins point along op-
posite z directions on Mn1 and Mn2. Thus the AFM am-
plitude excitations further induce fluctuations of θ(r, t).
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FIG. 4. (a) The evolution of energy gap at Γ with λ. (b)
The evolution of energy gap at Γ with the doping strength.
x denotes the element substitution of Bi/Sb and Te/Se. For
x < xc (minimum gap), the system has band inversion. (c)
The static θ0 and g of X2Bi2Te5 vs λ, which are calculated
from the effective k ·p models. (d) Sketch of the wavefunction
of states |α〉 and |β〉 in each unit cell.
The parameters are determined from first-principles cal-
culations [49]. We notice that M0 < 0 and M1,M2 > 0,
which correctly characterizes the band inversion around
Γ point. In the nonmagnetic state, m5(k) = A3 = 0, the
system is a TI with a single gapless Dirac surface state.
The direct consequence of m5(k) term is to open a gap
of 2B0 in the surface-state spectrum, which is indepen-
dent of the surface orientation. The θ0 and 1/g for 001
AFM X2Bi2Te5 are calculated in Fig. 4(c), where 1/|g| is
largest around the topological phase transition consistent
with the previous analysis.
Experimental proposals. The DAF θ(r, t), once real-
ized in Mn2Bi2Te5, would induce a nonlinear magne-
toelectric effect and can be measured by the nonlin-
ear optical spectroscopy. A static magnetic field B0
and an a.c. electric field E(t) = Eac sin(ωt) would ex-
cite δθ(r, t) ∝ sin(ωt)Eac · B0, which further induces
a topological magnetization Mt ∝ (θ0 + δθ(r, t))E ∝
a1 sin(ωt) + a2 cos(2ωt) [49]. The double frequency 2ω
is from the DAF [8]. The Ne´el order may also induce a
second harmonic generation. The magnetic field, wave-
length and temperature dependence would in principle
to distinguish the DAF from static AFM order.
The nonzero δθ(r, t) in DAF leads to the magnetoelec-
tric effects, which can be seen from the response equation
by taking a variation in Sθ. Therefore the current density
in the spatial space is [3]
j(r, t) =
1
2pi
e2
h
[∇θ(r, t)×E+ ∂tθ(r, t)B] . (4)
∂t ≡ ∂/∂t. Here θ(r, t) = θ0 + δθ(r, t). For axion in-
sulators, θ0 = pi and δθ(r, t) = 0. The above action can
also describe the axion electrodynamics of Weyl semimet-
als [58–63], but θ(r, t) has its own dynamics in DAF from
magnetic fluctuations. The first term in Eq. (4) is the
anomalous Hall effect (AHE) induced by the spatial gra-
dient of θ. The second term in Eq. (4) is the CME [64],
where an electric current is generated by magnetic fields
from temporal gradient of θ. Such an electric current is
a polarization current j = ∂tP in insulators, where P
is the charge polarization. In a static uniform magnetic
field we have P = (θ(r, t)/2pi)(e2/h)B. This is isotropic
TME where charge polarization is induced by a paral-
lel magnetic field. This is different from CME in Weyl
semimetals, which only happens in nonequilibrium situ-
ations [58, 61, 63, 65–67]. Also, CME will not happen in
axion insulators with only static θ.
The temporal dependent θ(t) can also be excited by
the AFM resonance [68]. For example, a static mag-
netic field is applied along easy z axis B = Bzˆ and a
microwave is irradiated. The biparticle AFM spins are
precessing around z axis with the same resonant fre-
quency ω± = gµBB ±
√
(2ωJ + ωA)ωA, where ωJ and
ωA are the exchange field and anisotropy field, respec-
tively [43]. The AFM order parameter now becomes
m±(t) ≡ (1/2)(〈siα〉 − 〈siβ〉) ≈ n0zˆ + δm±eiω±t, where
5siα and siβ is the sublattice spin. In a mean field theory
of an interacting Hamiltonian, m5 = −(2/3)Umz, where
U is the on-site repulsion [8]. Therefore, δmz±(t) induces
δθ(t), and from Eq. (4) one expects the CME with a po-
larization current [49].
It is worth mentioning that the sister compound
MnBi2Te4, albeit a slightly different material, is an ax-
ion insulator with static θ = pi [21]. Though AFM res-
onance could induce AFM spins precessing, as long as
the surface-states remain magnetically gapped, θ is still
static to be pi due to conserved P. Therefore no CME is
expected to exist in MnBi2Te4.
In summary, the intrinsic van der Waals magnetic
materials Mn2Bi2Te5 family may provide the first ex-
perimental platform for DAF. We expect superlattice-
like new magnetic TI such as Mn2Bi2Te5/MnBi2Te4 and
Mn2Bi2Te5/Bi2Te3 with tunable exchange interactions
and topological properties may be fabricated. This will
further enrich the magnetic TI family and provide a new
material platform for exotic topological phenomena from
large DAF. The DAF predicted here may help to search
for the elementary dark axion particle in high energy
physics [69].
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